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Abstract

Humidity sensing properties measured by impedance spectroscopy (IS) and DC conductivity for a group of high surface area

nanostructured 5–30% w/w NiO/Al2O3 composite materials are reported. The nanocomposites were prepared via a sol–gel

method, which involved mixing of the respective sol–gel precursors and the subsequent drying and calcination at 873 K for 3 h.

Accordingly, nanosized NiO particles dispersed in g-Al2O3 matrix were formed. Conductivity changes amount to six orders of

magnitudes were observed in response to 5–90% relative humidity (RH) change in the measuring chamber. Results indicate

that humidity sensing was increased with the increase of NiO content in the composite. Moreover, conductance kinetics and

conduction mechanism are discussed in terms of surface texture and nanostructured morphology of the composite materials that

facilitate ionic transport mechanism.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction materials of specific textural and microstructural char-
Fabrication and characterization of nanostructured

materials has become the subject of intense research

from both theoretical point of view as well as for their

potential technological applications [1–6]. In partic-

ular, the sol–gel method has received wide attention

as a precursor for the synthesis of metal oxide
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acteristics [7,8].

Humidity sensing has become an important issue at

industrial sites, medicine, food production and for

human comfort [9]. Various solid state chemical

sensing devices are operated on the basis of gas/solid

interactions that occur at surfaces, grain boundaries, or

interfaces between different materials. The unique

structure of nanostructured materials, which consist

of grains, grain boundaries, surfaces and pores facil-

itates their use as chemical sensors. Ionic type mech-

anism is proposed and applied to explain conductivity

of such ceramics [9–11], which involves transport of

protons via a Grotthuss chain reaction [12]. The high

electrostatic field in the chemisorbed layer promotes

dissociation of physisorbed water and produces pro-
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tons, which are responsible for the electrical conduc-

tion, by hopping between water molecules [11]. In

fact, humidity sensing by ceramics is mainly depen-

dent on the specific surface, which in its turn depends

on the available pore sizes and their distribution [13].

A variety of ceramic sensors and polymeric sensors

are serving as humidity sensors based upon changes in

resistance or capacitance with changes in relative

humidity [9,14,15]. Ceramic thin films and electro-

composites have also been investigated for humidity

sensing characteristics [16,17].

AC impedance spectroscopy (IS) is a powerful tool

for investigating the electrical properties of such

systems. The measurements can be performed without

electrode polarization effects. Moreover, separation of

bulk response from grain boundary and electrode-

related phenomena is possible. The measured effec-

tive dielectric constant gives a clear idea about the

nature of the bulk response showing whether it arises

from the solid phase or from interfaces. Impedance

data of materials that have capacitive and resistive

components when represented in the Nyquist diagram

[i.e. the negative of the imaginary part (� ZW) in the y

axis and the real part (ZV) in the x axis, and each point

corresponding to a different frequency] lead to a

succession of semicircles. In this case, the second

intercept of the high frequency semicircle with the real

axis is the bulk resistance of the sample. Hence, the

bulk electrical conductivity is obtained. The relaxation

frequency of the material is found at the apex of the

Nyquist semicircle. The bulk capacitance of the ma-

terial, also called the geometric capacitance [18], can

be calculated and hence the bulk dielectric constant

can be determined.

In the present study, the humidity sensing proper-

ties of NiO/Al2O3 nanocomposites are addressed. The

humidity sensitivity of electrical conductivity and

capacitance were measured by an AC impedance

spectroscopy and DC electrical measurements as

functions of relative humidity (RH) at 300 K.
2. Experimental

2.1. Materials

Pure alumina was prepared by calcination of a

fibrous boehmite precursor prepared by a sol–gel
process following a method mostly similar to that

reported earlier by one of the present authors, Khalil

[19]. In the method: the hydrolysis of aluminium tri-

isopropoxide, Al(OPri)3, dissolved in n-heptane was

effected by a dropwise addition of a calculated amount

of water to furnish the 1:1 water/alkoxy ratio. The

solution was stirred magnetically at 400 rpm and this

stirring was continued for 30 min, then the gel formed

was allowed to age for 3 days. Subsequently, the gel

was filtered off from its solution and allowed to dry at

room temperature overnight followed by 24 h heating

at 333 K in a drying furnace. Portion of the dried gel,

has been characterized as boehmite, was calcined in a

muffle furnace for 3 h at 873 K and stored for analyses.

NiO/alumina were prepared by mixing of alumina

gels obtained by the hydrolysis of aluminium tri-

isopropoxide, as above, after 1 h aging period; and

the desired amount of Ni hydroxide gel, which was

prepared as follows. A calculated amount of nickel

nitrate hexahydrate, Ni(NO3)2�6H2O, corresponding

to 5%, 10%, 20% or 30% w/w NiO/Al2O3 loading,

was dissolved in a small portion of water. Hydrolysis

was carried out by a dropwise addition of 10%

solution of ammonium carbonate. A gel was formed

after the later solution neutralizes the nitrate solution.

The final pH value of the gel was adjusted to 9.5 by

the addition of slight excess of the ammonium car-

bonate solution. For all the mixing ratios, the total

volume of hydrolyzed nickel nitrate solutions (gels)

was made the same.

Gel mixing was affected by the addition of the

corresponding nickel hydroxide gel to the alumina

gel and mixing was aided by magnetic stirring at 100

rpm for a 10-min period. The mixed gel was kept in

a water bath at 323 K for 3 h and then aged for 3

days, dried, and calcined at 873 K for 3 h as done

for the pure alumina. For simplicity, respective code

numbers 600, 605, 610, 620, and 630 are designated

for the test materials containing 0%, 5%, 10%, 20%

and 30% w/w NiO/Al2O3.

2.2. Techniques

Nitrogen adsorption/desorption isotherms at 77 K

were measured using a model ASAP 2010 (Micro-

meritics Instrument, USA). Prior to the measurements,

all samples were outgassed for 2 h at 423 K to 0.1 Pa.

The specific surface area, SBET, was calculated by
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applying the BET equation [20]. Assessment of mi-

croporosity was made from t-plot constructions, using

the Harkins–Jura correlation [21] for t-plot as a

function of normalized pressure, p/po. External sur-

face area SExt (surface area due to nitrogen adsorption

on mesopore and macropore surfaces, i.e. pores wider

than 2 nm in diameter) were determined from slope

analysis of the t-plots, following the t-plot method

[22,23]. Micropore area, Smic (surface area

corresponding to the amount of nitrogen gas adsorbed

in micropore < 2 nm in diameter) for each sample was

calculated by subtraction of SExt from the

corresponding SBET value, i.e. SBET = Smic + SExt. Av-

erage pore diameter was calculated from the ratio 4Vp/

SBET [24], where Vp is the specific pore volume.

X-ray diffraction (XRD) patterns were obtained

using a Philips 1840 Diffraction system at room

temperature using Cu-Ka radiation.

Magnetic susceptibility has been measured for the

No. 620 and No. 630 materials using a magnetic

susceptibility balance (Sherwood Scientific) that

employs the conventional Gouy method.

Electrical measurements of the test materials are

performed on pellets prepared by the same procedure

and measured under the same geometry for all sam-

ples. A uniaxial force of 4 tons has been applied for a

few minutes using a hydraulic press to form the

resulting nanostructured powder into pellets of 1.0

mm thickness and 13 mm diameter. The pellets faces

were coated with thin gold films using thermal evap-
Fig. 1. XRD patterns of NiO/Al2O
oration to make good electrical contacts of 8.5 mm

diameter. Samples were held between gold-coated

electrodes with very slight spring pressure in a sample

holder constructed from Teflon. This measuring cell

was then inserted into the humidity chamber. Water

saturated vapor was obtained by bubbling compressed

air through deionized water at room temperature.

Relative humidity (RH) was controlled between 1%

and 92% by mixing absolutely dried air (RH= 0),

rather dried air (RH = 18%) and water saturated air

streams. Testo digital hygrometer was employed to

monitor RH changes from 1% to 92%. The accuracy

of the hygrometer was F 2% in the range of 5% to

95% with a resolution of 0.1%. All samples were

subjected for drying at 473 K for 30 min prior to

electrical measurements.

DC electrical measurements were performed using

a Keithley 617 Electrometer at an applied voltage of

10 V. Impedance spectra were collected using an

impedance gain-phase analyzer (Model SI 1260) in

two-point configuration. Data were collected from 10

MHz to 0.1 Hz. The spectra obtained were analyzed

for resistance and capacitance equivalent circuit ele-

ments vs. RH by a commercial software package.
3. Results and discussion

Structural information of the prepared materials

can be realized by inspection of Fig. 1, which shows
3 nanocomposite materials.



Table 1

Textural characteristics: SBET surface area, micropore area Smic,

external surface area SExt along with the particle size for the test

composite materials calcined at 873 K in air for 3 h

Sample CN NiO/Al2O3

(w/w %)

SBET
(m2/g)

Smic

(m2/g)

SExt
(m2/g)

Average pore

diameter (nm)

Pure Al2O3

No. 600 0 288.6 40.0 248.6 15.8

No. 605 5 290.7 12.0 278.7 17.4

No. 610 10 341.0 6.2 334.7 12.5

No. 620 20 289.3 0.0 289.3 7.3

No. 630 30 267.0 0.0 267.0 5.4

SBET = Smic + SExt.
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the XRD patterns measured for the test materials.

According to the applied preparation method [19],

short fibrous boehmite should be formed upon drying

of the alumina gel and upon calcinations thermally

stabilized transitional aluminas are formed, which

preserve high surface area due to the fibrous nature

of the precursor. Clearly, the pure alumina sample No.

600, which was calcined at 873 K for 3 h, shows a

transitional alumina phase structure (g-Al2O3) and

preserves high surface area as expected, see Table 1.

However, materials prepared by mixing of alumina

gels with 5–30% w/w Ni hydroxide gel and subse-

quent drying and calcinations at 873 K for 3 h show

similar XRD patterns of little improved crystallinity.

This indicates that the addition of Ni hydroxide gel

did not considerably interrupt the structural evolution
Fig. 2. DC current through NiO/Al2O3 nanoco
of the transition alumina phase. Moreover, no sharp

peaks were observed for NiO even for the No. 630

material which contains 30% w/w NiO/Al2O3 and

calcined at 873 K for 3 h. This in fact suggested that

NiO phase is actually present in the form of highly

dispersed crystallites in the alumina matrix and/or in

the form of NiAl2O4 phase. In fact, X-ray analysis is

not informative in characterizing such systems due to

the very close values of d-spacing of gamma alumina,

and the spinel NiAl2O4 [25]. However, a slight peak

shifts towards higher d-spacing was observed with the

increase of NiO ratio. The increase of the d-spacing

may be explained in terms of partial formation of

NiO/g-Al2O3 solid solution [25]. Textural character-

istics including SBET surface area, micropore area Smic,

external surface area SExt along with the average

particle size for the test composite materials are

displayed in Table 1. These data indicate that NiO

loaded materials shows slightly higher surface area

amount to f 290.7 m2/g for the sample No. 605 in

comparison to 288.6 m2/g for the pure material (No.

600). Sample No. 610 shows even higher surface area

amounts to 340 m2/g. However, sample No. 620

shows a specific surface area that amounts to 289.3

m2/g, which is lower than that of the No. 610 but still

slightly higher than the pure one. These results indi-

cate a uniform dispersion of NiO species through the

surface of gamma alumina [26]. However, the de-

crease of specific surface area on going from the
mposites measured as a function of RH.



Fig. 3. The complex impedance spectra of NiO/Al2O3 nano-

composites measured as functions of RH.
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sample No. 610 to sample No. 620, whereas NiO ratio

is higher for the latter, may be explained in terms of

the formation of relatively larger NiO particles after

surface saturation with finally divided NiO species.

Another important textural modification (Table 1) was

revealed by the decrease of the average pore diameter

(as 17.4, 12.5, 7.3, and 5.4 nm) upon the increase of

NiO ratio (as 5%, 10%, 20%, and 30%), respectively.

The magnetic susceptibility of the No. 620 and No.

630 samples are measured using Gouy method. Large

magnetic susceptibilities f 5� 10� 5 emu/g (NiO),

comparable to those of various NiO catalysts [27],

have been obtained indicating NiO nanoparticles in

the g-Al2O3 matrix. The large magnetic susceptibility

of NiO nanoparticles compared with bulk antiferro-

magnetic (AF) NiO arises from incomplete magnetic

compensation between AF coupled Ni ions on surface

A and B magnetic sublattices of NiO AF nanoparticles

[28]. It has been recently reported that the magnetic

susceptibility of NiO measured at 300 K scales to its

crystallite size as follows: vNiO = 9.0� 10� 6+(2.3�
10� 4/d), where d is the XRD particle size measured in

nanometers [28]. The above expression has been used

successfully for doped NiO, a-Al2O3 supported cata-

lyst and coprecipitated NiO/g-Al2O3 [27] in which a

comparison between magnetic susceptibility per gram

of NiO and XRD line broadening measurements were

made. The drawback of this method is the presence of

spinel NiAl2O4 that might occur when high concen-

trations of NiO on Al2O3 are heated at high temper-

atures, which is not considerably the case for our

samples. However, the error introduced in the size

determination is found to be insignificant for NiAl2O4

content below 5 wt.% [27]. The NiO particle size is

estimated using the above equation to be 15 and 13

nm for samples No. 620 and No. 630, respectively.

Humidity sensing properties of the samples are

shown in Fig. 2, which shows the current vs. RH at

300 K for all specimens. The points in the figure

represent the experimental data and the lines are

drawn to guide the eye. All currents are normalized

to a sample thickness of 1 mm. The current, which is

proportional to specimen conductivity, increases

slightly as RH increases to about 5% and increases

by about three orders of magnitude as the RH is

increased from 5% to about 18% and extra three

orders of magnitude when RH is increased from

20% to 92%. It should be noted that in general, for
any RH values the current through the sample

concerned increases for higher NiO content material.

For example, the current through specimen No. 605

and No. 610 is almost the same particularly for RH

less than 20%, increases through specimen No. 620

and that through specimen No. 630 is the highest.

Humidity sensing characteristics have been studied
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earlier for a number of ceramic systems [29–32]. In

the present series of samples, the conductance change

was found to cover the range of 10� 10 to 10� 3

(V� 1). Therefore, it is evident that the test materials

are sensitive towards RH and are comparable to other

conventional ceramics, for which the conductance

change was found to cover the range of 10� 8 to

10� 4 (V� 1).

Fig. 3a,b displays typical room temperature im-

pedance spectra of a pressed powder of sample No.

630 at indicated RH. In each spectrum, the frequency

decreases from left to right. Two arcs are obtained,

an incomplete depressed arc at low frequency and a

nearly perfect semicircular, centered on the real axis,

at high frequency. The low frequency arc was

ascribed to the electrode polarization arc on the basis

of the capacitance obtained from equivalent circuit

fitting (few AF), which was relatively insensitive to

RH. The high frequency (bulk) arc shrinks signifi-

cantly as RH is increased. Similar results are

obtained for other samples with lower NiO content.

For all spectra, the bulk arc was modeled as a

resistor and capacitor in parallel. For all samples,

the bulk impedance arcs are depressed below the real

axis in Nyquist plots (� ZWvs. ZV). Samples’ capaci-

tances and conductivities are calculated vs. specimen

composition and RH. Capacitances for all samples

for the whole RH range remain between 40 and 60

pF whereas conductivities depend on sample com-

position and strongly on RH. Resistances typically

changes from 107to 103, i.e. almost three to four

orders of magnitude with increasing RH from 18%

to 92% for all specimens.
Fig. 4. Dependence of the electrical conductivity of NiO/Al2O3
The dependence of the bulk electric conductivity

obtained from the IS measurements on NiO content

is shown in Fig. 4 for various RH values. Accord-

ingly, the conductivity slightly decreases with in-

creasing NiO content from 5% to 10% and increases

with further increase of NiO above 10%. The be-

havior can be understood in view of the morpholog-

ical changes of the specimens when the NiO content

is changed. The relative conductivity of the samples

were in the order No. 605>No. 610 <No. 620 <No.

630. This order is exactly reversed for the SBET
values, which were in the order No. 605 < No.

610>No. 620>No. 630. Therefore, the observed

order of the materials conductivity may be explained

as: when higher surface area is available for adsorp-

tion at a given humidity percentage (e.g. No. 610)

the tendency for multilayer adsorption of water on

the strong conduction centers might be decreased.

This was because, as long as more exposed (free

from adsorption) surface is present, water chemisorp-

tion rather than physisorption and multilayer forma-

tion is more likely to occur. This will decrease both

the dissociation rate of physisorbed water and the

production of protons responsible for the electrical

conduction, simply because less physisorbed water is

available. In addition, due to the increase of NiO

ratio the textural data (Table 1) indicates the removal

of microporosity and the shift of average pore

diameter toward more reactive mesopore size (f 5

nm for No. 630) facilitates better response for

humidity.

There was however a noticeable hysteresis in

resistance as RH is cycled from low RH to high
nanocomposites on NiO content at indicated RH levels.
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RH and back again. This is intimately due to

different response and recovery time during increas-

ing or decreasing RH, respectively. The time re-

sponse of a sensor can vary from seconds to hours

[33,34]. Thus, it is of interest to examine the test

materials response and recovery time. Two samples

have been examined in this regard. Sample No. 630,

which has the highest electrical conductivity, has

been examined using DC measurements for RH

values less than 20%. The resistance in dry air

(RH nominally 0%) as well as in an air stream of

RH about 18% helped to establish the response and

recovery characteristics for this sample at low RH

levels. The sample was dried at 473 K for 30 min as

was done before and then exposed to air stream of

RH= 18%. Fig. 5a shows the DC current increasing

by two orders of magnitude in a time interval t1 = 20

min when RH is increased, whereas the time re-

quired to move between the same points when RH is

decreased, t1V, is more than twice as large as t1. For

the second sample, No. 620, which is characterized
Fig. 5. Response and recovery characteristics of (a) No.
with intermediate conduction, has been examined

using IS for RH values larger than 20%. Again,

the sample was dried at 473 K for 30 min and then

exposed to an environment of RH= 18% for enough

time to reach equilibrium. The sample is subsequent-

ly exposed to a vapor stream. Fig. 5b shows that the

time required to increase its conductivity by two

orders of magnitude is t2 = 30 min whereas the time

required to move between the same points when RH

is decreased is t2V = 4t2. Ideally, a humidity sensor

should follow the same conductance path when

humidity is increased or decreased. However, as a

matter of fact, most sensors exhibit some degree of

hysteresis, whereby the conductance path differs to

some extent. The present features, slow kinetics and

irreversibility are the principle drawbacks to nano-

structured humidity sensors [35]. This can be as-

cribed to the difficulty of evaporating water from the

fine pore network as well as the thick pellets shape

of our samples. Moreover, capillary forces, which are

extremely strong at fine pore sizes, lead to perma-
630 and (b) No. 620 NiO/Al2O3 nanocomposites.
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nent changes in the microstructure with RH cycling,

as evidenced by the hysteresis and time responses in

the conductivity measurements. Indeed, all speci-

mens retain their higher resistance f 1010 V when

dried at 473 K for 10 min.

Electrical conductivity r and resistivity q are

calculated as functions of RH from both DC and

IS data. Fig. 6 displays r and q of specimen No. 630

for the whole RH range. It is evident that r changes

exponentially as a function of RH with different

slopes in low and high RH regions. It is noticed

also that the DC conductivity is lower than that

obtained from IS data for the same RH. It has been

reported before [36] that the presence of hydroxyl

ions on the oxide surface promotes the dissociate

hydroxyl and provides protons as charge carriers.

These protons hop between adjacent hydroxyl groups

giving rise to electrical conductivity. The change of

the electrical conductivity has been shown by vari-

ous investigators to be almost exponential with RH

[36,37]. From Fig. 6, it is clear that the change of r
is exponential as a function of RH—with different

slopes in low and high RH regions owing to differ-

ent activation energies for proton transport. As has

been stated above, the current (hence electrical

conductivity) at certain RH increases with increasing

NiO content in our specimens. Conductivity of NiO

nanoparticles has been ascribed to Ni2 + vacancies

[37–39]. Each Ni2 + vacancy in the lattice transforms

two adjacent Ni2 + ions into Ni3 + ions in accordance

with charge neutrality. As far as the particle size do

not increase with increasing NiO content in our

composites, as evidenced by the particle size
Fig. 6. Electrical conductivity and resistivity of No. 630 nanocomposit
obtained from magnetic susceptibility data, increas-

ing the NiO content should be accompanied by

higher Ni2 +vacancy density and higher density of

Ni3 + ions. These Ni3 + ions are believed to provide

the sites for chemisorption of the hydroxyl groups.

Upon exposing a dry ceramic oxide to humid envi-

ronment, a layer of water vapor molecules is first

chemisorbed with the formation of surface hydroxyl

ions on its surface. Charge transport occurs firstly by

a hopping mechanism between hydroxyl groups of

protons coming from the hydroxyl dissociation. With

increasing humidity levels, water molecules are

physically adsorbed on the top of the chemisorbed

hydroxyl layers, which increase the number of pro-

tons available for electrical conduction. This explains

the increase in electrical conductivity through speci-

mens with larger NiO content at a constant RH. It

should be mentioned that partial formation of

NiAl2O4 phase, which may occur, has not been

considered in the above discussion.

The capacitances obtained from fitting of high

frequency arc have been used to calculate the effective

dielectric constant, assuming infinite parallel plate

geometry, of NiO/Al2O3 nanocomposites in humid

environments. The effective dielectric constant was

found to be close to 80. Realistic values for our

samples should be about 20% lower, which would

better fit to the expected values between alumina and

water. The lines in Fig. 7 represent the predicted

behavior if the effective capacitance is governed by

the solid phases (e = 10 for NiO and Al2O3) or by the

water phase (e= 80 for H2O). The behavior is consis-

tent with a continuous water phase at RHz 18% for all
e calculated from DC and IS measurements as functions of RH.



Fig. 7. Effective dielectric constant of NiO/Al2O3 nanocomposites as a function of RH.
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compositions. Humidity sensing characteristics in the

case of ceramic systems have been ascribed to absorp-

tion of water molecules on their surface [32,36]. It can

be concluded that in the present system the electrical

conductivity changes as a function of RH arise due to

an ionic transport.
4. Conclusion

Electrical conductance for sol–gel derived high

surface area NiO/Al2O3 nanocomposite materials

was found to be very sensitive to air humidity.

Electrical conductance increases as a function of RH

by about six orders of magnitude in the range of 5–

90%. The increase of NiO content was found to

increase the electrical conductances in humid air.

From the texture point of view and within the inves-

tigated group of materials, the removal of micropo-

rosity as well as the decrease of the average pore

diameters due to the increase of NiO ratio allows

better response for humidity. The capacitances

obtained suggest that the electrical properties of

NiO/Al2O3 nanocomposites in moist environments

are dominated by the condensed water phase in the

pore network. The humidity sensing behavior of NiO/

Al2O3 nanocomposite is controlled by the ionic con-

duction through the adsorbed water phase.
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